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1
AUTONOMOUS BLOWOUT PREVENTER

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates, generally, to blowout preventers
for subsea applications, and more specifically, to an autono-
mous blowout preventer to monitor the material 1nside the
blowout preventer and measure the critical parameters for
performance of the blowout preventer.

Description of the Prior Art

Formation hydrocarbons (kick) may flow into a well
during drilling, thereby “kicking” or displacing the drilling
fluids. The rig crew must watch for a kick and shut-in the
well belfore 1t evolves into a blowout as 1llustrated in FIG. 2.
Early appropriate intervention 1s the best solution as a kick
may evolve rapidly resulting 1n a short window of oppor-
tunity to arrest the blowout and bring the well under control.

The Blowout Preventer, also referred to herein as “BOP”,
comprises a number of valves and it 1s placed on top of a
well to facilitate daily operations and act as the last line of
defense against the uncontrolled flow of hydrocarbons.
However, the history of BOP performance during a well
blowout and scrutiny of BOP designs reveal that BOP’s are
designed more as Operation-Aids for a well that 1s under
control; not as Blowout-Arrestors to prevent the uncon-
trolled flow of hydrocarbons as illustrated in FIG. 6 A-FIG.
6F. Well operations are static or quasi-static under the
control of the rig crew while a well blowout 1s a forcetul
dynamic event, often beyond the control of the rig crew and
beyond the capabilities of today’s BOP designs. This has
resulted in a number of disasters, like IXTOC 1 and
MACONDO, resulting 1n environmental disasters and loss
of life. As opposed to daily well operations, the appropriate
blowout action cannot be established without real-time
teedback of critical parameters followed by a calculated
rapid response.

Theretfore, there 1s a need to define the BOP distinct
functions; to correct the BOP design deficiencies; to monitor
critical parameters to identily a kick early-on; to track the
kick evolution and to optimize the BOP operation and
sequencing to arrest the event under the various realistic
conditions to bring the well under control. The last line of
defense should be a Blowout-Arrestor, not an Operations-
Aid. It should be understood that a seaworthy Blowout-
Arrestor may function as a seaworthy Operations-Aid, but
not the other way around as experience has proven.

BOP DESIGN OVERSIGHTS, ERRORS and
OMISSIONS

Again, BOPs today are designed as Operation-Aids, not
as Blowout-Arrestors. It 1s reasonable then to conclude that
the probability that an Operations-Aid would seal off a well
during a blowout is very low with luck being the controlling
factor. Luck 1s not a measure of fitness-for-service or sea-
worthiness, although good luck 1s always invaluable. The
Macondo 1nvestigation has accepted the June 2003 success-
tul EDS (a rig crew controlled operation) as proof that the
BOP was designed properly and has focused on the Deep-
water Horizon BOP maintenance and record keeping, even
challenging the maintenance means and methods of the rig
owner.
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2

Quoting from the Chief Counsel’s Report “MMS regula-
tion 30 C.F.R. § 250.446(a) requires that the BOPs be

ispected according to API RP 33 . . . and (the manufacturer)
would certify that the mspections were completed”. There
are multiple fallacies associated with this Code that signifi-
cantly undermine safety.

First, the Code assumes that “Inspection” and “Seawor-
thiness™ are the same; a failure root-cause. “Inspection’ 1s
defined as *“to look at something™ and 1t 1s undefined on 1ts
own. “Seaworthiness” on the other hand, 1s the result of a
specific Fitness-For-Service-Engineering-Assessment.
“Inspection” 1s well defined only as a part of a Seaworthi-
ness-Engineering-Assessment where it 1s required to pro-
duce a number of high-quality specific data to facilitate the
Seaworthiness-Engineering-Assessment. The Code should
be updated to require a Seaworthiness certificate, preferably
issued by a qualified third party as 1t 1s required for all other
seagoing vessels and equipment.

The Code relies on the manufacturer (who made the
design assumptions in the first place) for the “Inspection’™ of
the drnlling equipment and therefore, the Code guarantees
that the design and manufacturing errors and oversights will
not be noticed or be corrected. Recently, 1t was revealed that
an auto manufacturer ignition-switch design oversights,
errors and omissions disabled the automobile steering and
the airbags. It should be noted that the 1gnition-switch in
question was “inspected” to the manufacturer’s specifica-
tions and standards prior to assembly 1into a new car, and yet,
it was unfit-for-service.

The Code requires the manufacturer to only certily that an
“Inspection” was performed. The manufacturer’s certificate-
of-compliance, herein after referred to as “COC”, certifies
that the manufacturer performed an “Inspection”. The COC
however, does not include the specifics and the finding of the
inspection; does not certily that the equipment 1s Seaworthy;
does not certily that the BOP 1s Fit-For-Subsea-Service or
that the BOP 1s fit to contain a well blowout under realistic
blowout conditions and so on and so forth.

Therefore, there 1s an additional need to certify that all the
drilling equipment 1s Seaworthy under realistic conditions
following a Seaworthiness-Engineering-Assessment that 1s
applicable across the board of subsea products and manu-
facturers.

BOP Maintenance

Regardless of what a COC certifies, a COC 1s part of a
maintenance program. Maintenance cannot correct design
errors and oversights or prevent a misapplication. For
example, the Deepwater Horizon BOP shear rams were
designed under the EDS assumptions (see FIG. 6A-6F
caption—*“the Deepwater Horizon BOP was designed to
shear centered drill pipe . . . ). There 1s no maintenance that
can correct these design assumptions. Despite the June 2003
EDS success, the Deepwater Horizon BOP failed to arrest
and control the April 2010 Macondo well blowout simply
because 1t was not designed as a Seaworthy Blowout-
Arrestor, a design flaw that maintenance cannot correct
regardless of whom, where, when or how the maintenance
was performed or how well it was documented or how
current was the manufacturers COC or even, 1f there was a
COC ever 1ssued. API S33 (7.6.11.7.2) “1t 1s important to
understand the equipment designs, their application/use, and
those components run in the wellbore and the BOP/control
systems 1n use”. The fact that the Deepwater Horizon BOP
functioned as designed in the June 2003 EDS is adequate
proof that 1t was maintained properly all along but 1t 1s not
proof that 1t was designed as a Seaworthy Blowout-Arrestor.
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Based on the above {allacies, there are a number of
decisions that allocate serious blame to different companies
and individuals but not to the root-cause of the failure, the
BOP design. However, 1f the BOP was designed and func-
tioned as a Seaworthy Blowout-Arrestor the rest of the
Macondo failures and oversights would have been 1rrel-
evant. It would not matter how the cement was mixed; it
would not matter how many centralizers were used; it would
not matter how the pressure readings were interpreted; it
would not matter who send a text to whom; 1t would not
matter how the maintenance was documented and so on and
so forth. After all, the primary reason a BOP 1s deployed 1s
to make all other mistakes irrelevant and prevent a disaster.
Similarly, 11 the automobile steering was not disabled by
a bad 1gnition-switch design the accidents would not have
happened and it the airbags were not disabled at the same
time people may have not died. The automobile accidents
were not the fault of the imprisoned drivers just like the
Macondo was not the fault of the operator, 1ts partners and
the subcontractors; all unaware that their last line of defense
was a dud. To make things worse, the lengthy Macondo
investigation, prosecution and new Codes have further
reduced safety because the root-cause of the disaster was
missed entirely and 1t 1s still deployed dangerously as the
last-line of defense.
Therelfore, there 1s a further need for a BOP design to
arrest and restraint a well blowout along with an adaptable
BOP controller and software that monitors the kick evolu-
tion using predictive-intelligence to adjust the BOP response
and sequencing. It should be noted that the BOP controller
and software would rely on m-depth knowledge of the BOP
design and therefore some design and manufacturing errors
and oversights will be detected during the BOP analysis to
implement the BOP controller software. Again, in-depth
knowledge of the BOP (and the other drilling equipment) 1s
also required by API S53 (7.6.11.7.2).
The non-obviousness of the present invention is clearly
demonstrated by the Investigation Reports and the Federal
Court findings and conclusions associated with the Macondo
Well Blowout and the sinking of the Transocean Deepwater
Horizon rig.
The following reports are incorporated herein by refer-
ence and form a part of the disclosure advanced by Appli-
cant:
MACONDO—DEEPWATER HORIZON Investigation
Reports
Final Report, Deepwater Horizon Joint Investigation
Team: September 2011

Deepwater Horizon Accident Investigation Report—BP:
September 2010

Macondo Well Incident—Transocean Internal Investiga-
tion (Public Report): June 2011

Macondo, The Gultf O1l Disaster—Chietf Councils Report:
February 2011

Deepwater Horizon Study Group (DHSG)—Final Report:
March 2011

Deepwater Horizon Casualty Investigation Report—Re-
public of the Marshall Islands, Oflice of Maritime
Admuinistrator: August 2011

DNV Report on Deepwater Horizon BOP to U.S.
BOEMRE: March 2011

Macondo Well, Deepwater Horizon Blowout—National
Academy of Engineering and National Research Coun-
cil: National Academies Press—December 2011

Investigation Report: Explosion and Fire at the Macondo
Well—US Chemical Safety and Hazard Investigation
Board: June 2014
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4
REFERENCES

API Standard 53 Blowout Prevention Equipment Systems
for Drilling Wells—4” Edition

BSEE Eflects of Water Depth Workshop: Galveston, Tex.
—November 2011

SUMMARY OF THE INVENTION

It 1s a general purpose of the present invention to provide
an 1mproved BOP monitoring system and method.

An object of the present invention i1s to provide an
improved monitoring system that may be utilized 1in pressure
control equipment such as wellheads and BOPs to arrest a
well blowout.

Another object of the present invention predictive-intel-
ligence system monitors the BOP and dnill pipe to recognize
carly on a well blowout and to adjust the BOP sequencing
and timing to arrest and restrain the well blowout 1n the early
stages.

Accordingly, the present invention provides a system of
one or more computers that can be configured to perform
particular operations or actions by virtue of having software,
firmware, hardware, or a combination of them 1installed on
the system that 1n operation causes or causes the system to
perform the actions. One or more computer programs can be
configured to perform particular operations or actions by
virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the
actions.

A system of one or more computers can be configured to
perform particular operations or actions by virtue of having
software, firmware, hardware, or a combination of them
installed on the system that in operation causes or cause the
system to perform the actions. One or more computer
programs can be configured to perform particular operations
or actions by virtue of including instructions that, when
executed by data processing apparatus, cause the apparatus
to perform the actions.

One general aspect includes a system for a subsea bop, the
subsea bop defining a bore through the subsea bop, the
subsea bop including two bop rams, the two bop rams
including a shear ram, the shear ram including two pistons
and two piston rods, an accumulator to stroke the two shear
ram pistons associated with the shear ram, the subsea bop
being operable to receive a string of pipe moveable within
the bore, the system including: a subsea computer, the one
computer being operatively connected to the two bop rams
and the accumulator and the subsea computer; a pressure
intensifier connected to vary a force applied to the two
pistons; subsea sensors in the subsea bop to monitor a speed
and position of the two piston rods; subsea sensors around
the subsea bop to monitor the string of pipe and determine
when the string of pipe 1s off-center in the bore; the
computers programmed to control an activation timing of
the two bop rams, the computer being operable to estimate
a shear force to cut the string of pipe; and a pressure
intensifier connected to vary a force applied to the two
pistons responsive to the estimate of the shear force required
to cut the string of pipe. Other embodiments of this aspect
include corresponding computer systems, apparatus, and
computer programs recorded on one or more computer
storage devices, each configured to perform the actions of
the methods.

Implementations may include one or more of the follow-
ing features. The system further including: the subsea sen-
sors being operable to detect cable 1nside said string of pipe;
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sensors to detect two or more of drill pipe internal pressure,
a temperature gradient between seawater and well fluids,
compression or tension of a body wall of the string of pipe
inside the shear ram, or flow of fluid through the string of
pipe, the computers programmed to estimate a change in the
shear force to cut the string of pipe. The system further
including the computer being programmed to detect and
store mformation for each pipe 1n the string of pipe, the
information includes wall thickness, hardness, and dimen-
sions. The system where the computers programmed to
update the information over time as the string of pipe 1s
moved through the subsea bop. The system where the
computer stores in some detail the information to determine
in some detail a shearing force for each pipe. The system
where the computers programmed to measure a speed and an
acceleration of the piston rod and determine when a shear 1s
complete. The system where the computers programmed to
measure a speed and an acceleration of the piston rods and
determine if the speed and acceleration 1s decreasing to an
extent to predict that a shear will not be made. The system
turther including the computers programmed to initiate a
hammer operation of the two pistons to aid tearing a dnll
pipe through cumulative fatigue. The system further includ-
ing the computers programmed to control the hammer
operation utilizing the pressure intensifier to pulse hydraulic
fluid to the two pistons. The hammer operation results 1n
oscillations of the shear ram cutting components such as
pistons, piston rods, shear elements, and the like. The system
turther including sensors 1n the subsea bop to detect RFID
chips embedded 1n the string of pipe, the computers pro-
grammed to use previous ispection data to determine an
amount of force to cut a particular pipe 1n the string of pipe
based on information stored in an RFID for the particular
pipe. The system further including the computers pro-
grammed to do a pipe tally as the string of pipe moves
through the subsea bop. The system where the computer 1s
programmed to control which of the two BOP rams to
operate first. The system further including a plurality of
groups of sensors circumierentially spaced around the sub-
sea bop, a plurality of groups of sensors with a group of
sensors being positioned at each of a plurality of different
axial positions along the bore through the subsea bop. The
system further including a warning system, said warning
system 1ncluding one or more of a smart device or wearable
to provide an audible alert in natural language, a tactile
alarm, or a visual alarm. The system where once a warning
1s given and no action 1s taken after a set amount of time,
then an automated blowout prevention 1s mnitiated. The
system where the computers programmed to monitor a time
interval between tool joints passing through a plurality of
groups ol sensors to provide a speed of the tool joints
passing through the subsea bop and also to determine a
direction of the tool joints passing through the subsea bop.
The system where the computer 1s programmed to detect
motors, drill bits, bottom hole assembly components, wire-
line, monitoring equipment, tools, or a variety of other
items. The system further including an onshore monitor
connected to the computer to monitor BOP status. Imple-
mentations of the described techniques may include hard-
ware, a method or process, or computer soitware on a
computer-accessible medium.

One general aspect includes a monitoring system for a
subsea BOP, the subsea BOP defining a wellbore through the
wellbore, the subsea BOP including at least two BOP rams,
the at least two BOP rams including a shear ram, the at least
two BOP rams further includes at least two pistons which
turther include a shear ram piston, at least one accumulator
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to stroke the shear ram piston associated with the shear ram,
a string of pipe moveable within the wellbore, the string of
pipe including a plurality of pipe connectors and a plurality
of pipe bodies between the pipe connectors, the well moni-
toring system 1ncluding: at least one subsea computer, the at
least one computer being operatively connected to the at
least two BOP rams and the at least one accumulator and the
at least one subsea computer; and soitware operable on the
at least one computer to control an activation timing of the
at least two BOP rams to control the subsea BOP. Other
embodiments of this aspect include corresponding computer
systems, apparatus, and computer programs recorded on one
or more computer storage devices, each configured to per-
form the actions of the methods.

Implementations may include one or more of the follow-
ing features. The system further including: at least one
subsea sensor; a sensor subsea interface; a communications
link; and where the software further includes a module
which monitors a plurality of material parameters of a string,
of pipe inside the subsea BOP. The system where the
plurality of material parameters includes wall thickness. The
system where the at least one subsea sensor further includes
a plurality of sensors circumiferentially spaced around the
subsea BOP. The system further including the plurality of
sensors being positioned outside of the wellbore through the
subsea BOP. The system further including a plurality of
groups of the plurality of sensors circumierentially spaced
around the subsea BOP, at least two groups of sensors being
positioned at different heights of the subsea BOP with
respect to the wellbore through the subsea BOP, the sensors
being operable to detect relative positions of the string of
pipe within the subsea BOP at each of the different heights.
The system where soltware i1s operable to utilize signals
from the at least one subsea sensor to 1indicate when a pipe
body from the plurality of pipe bodies 1s positioned adjacent
the shear ram. The system where the software 1s operable to
control the activation timing to initiate cutting the string of
pipe independently of a surface control. The system where
the software 1s operable to control the activation timing to
control which of the at least two BOP rams to operate first.
The system where the software 1s operable to utilize signals
from the at least one subsea sensor to provide an alert to the
surface that well control has been at least potentially com-
promised. The at least one accumulator further including at
least one pressure 1ntensifier operatively connected to vary
a force applied to the shear ram piston. The at least one
accumulator further including at least one valve controlled
by the at least one subsea computer. The monitoring system
further including: software for the computer to compute
when the pipe body 1s located at the shear ram. The
monitoring system further including: software to determine
a force necessary to cut the string of drill pipe with the shear
ram where the force varies. The momitoring system further
including: the software being operable to control the force to
cut the string of drll pipe. The monitoring system further
including an intensifier operably connected to selectively
increase the force 1n response to the software. The plurality
of parameters further including of wall thickness, impertec-
tions hardness, dimensions, wear, rate of wear, stress con-
centration, weight, lateral location, angle, similar 1tems and
a combination thereof. The one computer further including
a surface data acquisition system operable to monitor sur-
face detected operation parameters, the surface data acqui-
sition system being operatively connected to the at least one
subsea computer. The plurality of parameters further includ-
ing of one or more of capacitance, contactivity, current,
deflection, density, external pressure, fluid volume, tlow
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rate, frequency, impedance, inductance, internal pressure,
length, accumulator pressure, resistance, sound, tempera-
ture, vibration, voltage, and combinations thereof. Imple-
mentations of the described techniques may include hard-
ware, a method or process, or computer soitware on a
computer-accessible medium.

One general aspect includes a monitoring system for a
subsea BOP defining a wellbore through the subsea BOP 1n
which a string of drill pipe 1s moveable, the string of drill
pipe string including a plurality of drill pipe connectors and
a plurality of pipe bodies between the drill pipe connectors,
the subsea BOP including a plurality of rams including a
pipe ram and a shear ram, including: a computer operatively
connected to control opening and closing of the plurality of
rams; and a plurality of groups of sensors, each group of
sensors being mounted circumierentially around the subsea
BOP, at least two groups of sensors being positioned at
different heights of the subsea BOP with respect to the
wellbore through the subsea BOP, the computer being oper-
able to utilize the plurality of groups of sensors to detect
positions of respective of the plurality of pipe bodies and the
plurality of drll pipe connectors within the subsea BOP at
cach of the different heights. Other embodiments of this
aspect include corresponding computer systems, apparatus,
and computer programs recorded on one or more computer
storage devices, each configured to perform the actions of
the methods.

Implementations may include one or more of the follow-
ing features. The monitoring system further including: soit-
ware for the computer to compute when the pipe body 1s
located proximate to the shear ram. The momitoring system
turther including: software to determine a force necessary to
cut the string of drill pipe with the shear ram where the force
varies. The monitoring system further including: the soft-
ware being operable to control the force to cut the string of
drill pipe. The monitoring system further including an
intensifier operably connected to selectively increase the
force 1n response to the software. The plurality of parameters
turther including of wall thickness, imperfections hardness,
dimensions, wear, rate of wear, stress concentration, weight,
lateral location, angle, similar i1tems and a combination
thereof. The at least one computer further including a
surface data acquisition system operable to monitor surface
detected operation parameters, the surface data acquisition
system being operatively connected to the at least one
subsea computer. The plurality of parameters further includ-
ing of one or more of capacitance, contactivity, current,
deflection, density, external pressure, fluid volume, flow
rate, frequency, impedance, inductance, internal pressure,
length, accumulator pressure, resistance, sound, tempera-
ture, vibration, voltage, and combinations thereof. Imple-
mentations of the described techniques may include hard-
ware, a method or process, or computer soitware on a
computer-accessible medium.

One general aspect includes a monitoring system for a
subsea BOP, the subsea BOP defining a wellbore through the
wellbore, the subsea BOP including at least two BOP rams,
the at least two BOP rams including a shear ram, the at least
two BOP rams further includes at least two pistons which
turther include a shear ram piston, at least one accumulator
to stroke the shear ram piston associated with the shear ram,
a string ol pipe moveable within the wellbore, the string of
pipe including a plurality of pipe connectors and a plurality
of pipe bodies between the plurality of pipe connectors, the
well momitoring system including: at least one computer
with at least one sensor to monitor a plurality of parameters
of the string of pipe inside the subsea BOP; and a program
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being executed on the at least one computer to initiate an
activation of the shear ram to cut the string of pipe, the

activation partially controlled by the plurality of parameters.
Other embodiments of this aspect include corresponding
computer systems, apparatus, and computer programs
recorded on one or more computer storage devices, each
configured to perform the actions of the methods.

Implementations may include one or more of the follow-
ing features. The system the plurality of parameters further
including of wall thickness, imperfections hardness, dimen-
s101S, wear, rate ol wear, stress concentration, weight, lateral
location, angle, stmilar items and a combination thereof. The
system the at least one computer further including a surface
data acquisition system operable to monitor surface detected
operation parameters, the surface data acquisition system
being operatively connected to the at least one subsea
computer. The system the plurality of parameters further
including of one or more of capacitance, contactivity, cur-
rent, deflection, density, external pressure, fluid volume,
flow rate, frequency, impedance, inductance, internal pres-
sure, length, accumulator pressure, resistance, sound, tem-
perature, vibration, voltage, and combinations thereof.
Implementations of the described techniques may include
hardware, a method or process, or computer software on a
computer-accessible medium.

BRIEF DESCRIPTION OF THE DRAWINGS

For a further understanding of the nature and objects of
the present invention, reference should be had to the fol-
lowing detailed description, taken in conjunction with the
accompanying drawings, 1n which like elements may be
given the same or analogous reference numbers and
wherein:

FIG. 1A 1s an elevation view of a floating drilling rig and
deployed drilling equipment in accord with one possible
embodiment of the present invention.

FIG. 1B 1s an elevation view of a drilling riser without
buoyancy and instrumentation i accord with one possible
embodiment of the present invention.

FIG. 1C 1s an elevation view of a drilling riser with
buoyancy in accord with one possible embodiment of the
present 1vention.

FIG. 2 1s an elevation view of a surface well blowout.

FIG. 3 illustrates a subsea blowout preventer 1n accord
with one possible embodiment of the present invention.

FIG. 4 depicts a subsea blowout preventer with sensor
details 1n accord with one possible embodiment of the
present 1nvention.

FIG. S5A illustrates a top view of a BOP non-contact
sensor 1n accord with one possible embodiment of the
present invention.

FIG. 5B 1llustrates sensor signals processed in quadrants
(QD1 through QD4) 1n accord with one possible embodi-
ment of the present mnvention.

FIG. 6A illustrates a top view of a BOP with the drill pipe
near the center in accord with Deepwater Horizon BOP
design criteria wherein the design criteria 1s different than
what occurred with buckled pipe.

FIG. 6B illustrates the blind shear rams mid-way to
closing on the drill pipe body wall near the center in accord
with Deepwater Horizon BOP design critena.

FIG. 6C illustrates the closed blind shear rams near the
center near the center 1 accord with Deepwater Horizon
BOP design criteria.

FIG. 6D 1llustrates a top view of a BOP with the drill pipe
off-center due to a buckled drill pipe configuration as
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occurred 1 the blowout as per the investigation report
volume 2, Jun. 5, 2014 leaving the well unsealed.

FI1G. 6F 1llustrates the blind shear rams closing on the off
centered drill pipe body wall with the drill pipe ofl-center
due to a buckled dnll pipe configuration as occurred in the
blowout as per the mvestigation report volume 2, Jun. 5,
2014 leaving the well unsealed.

FIG. 6F 1llustrates the ofl centered drill pipe obstructing
the blind shear rams with the drill pipe found off-center due
to a buckled dnll pipe configuration as occurred in the
blowout as per the Macondo Investigation Report Volume 2,
Jun. 5, 2014 causing the blind shear rams to close only
partially and leaving the well unsealed.

FI1G. 7 illustrates an angled drill pipe through the BOP in
accord with one possible embodiment of the present inven-
tion.

FIG. 8 1illustrates a buckled or helically deformed dnll
pipe through the BOP in accord with one possible embodi-
ment of the present invention.

FIG. 9A illustrates nominal body-wall drill pipe traveling
through the BOP shear rams in accord with one possible
embodiment of the present invention.

FIG. 9B illustrates dnll pipe with increased body-wall
through the BOP shear rams in accord with one possible
embodiment of the present invention.

FI1G. 9C 1llustrates drill pipe with increased body-wall to
trigger an Alert 1n accord with one possible embodiment of
the present ivention.

FI1G. 9D 1llustrates drill pipe tool-joint through the BOP
shear rams 1n accord with one possible embodiment of the
present mvention.

FIG. 9E illustrates metallic objects traveling through the
BOP shear rams 1n accord with one possible embodiment of
the present invention.

FIG. 9F 1llustrates drill pipe ejected through the BOP
shear rams 1n accord with one possible embodiment of the
present invention.

FIG. 10A 1llustrates a partial top view of the BOP shear
rams 1n accord with one possible embodiment of the present
invention.

FIG. 10B illustrates a partial side view of the BOP shear
rams 1n accord with one possible embodiment of the present
invention.

While the present invention will be described in connec-
tion with presently preferred embodiments, 1t will be under-
stood that 1t 1s not intended to limit the mvention to those
embodiments. On the contrary, 1t 1s intended to cover all
alternatives, modifications, and equivalents included within
the spirit of the invention.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

Referring now to the drawings and more particularly to
FIG. 1A, a dnll pipe joint and a drill string will be used 1n
the following examples as the material inside the BOP when
discussing AutoBOP 40. However, the examples are appli-
cable to other Oil-Country-Tubular-Goods, herein after
referred to as “OCT(G”, and the various combinations and
configurations thereof. OCTG includes, but 1s not limited to
casing, coiled tubing, dnll pipe, marine drilling risers or
risers, pipeline, tubing, and the like. It should also be
understood that other tools and cables maybe inside or
deployed along with the dnll string to facilitate well opera-
tions and therefore, sealing the well would require shearing,
capabilities above those required for a drill pipe nominal
body-wall only.

10

15

20

25

30

35

40

45

50

55

60

65

10

FIG. 1A depicts tloating drilling rig 1 at a surface position
comprising derrick 2, crane 3, and riser string 6 extending to
subsea BOP 4. For 1llustration purposes, riser string 6 further
comprises telescopic joint 5, Riser joints without buoyancy
6A, riser joints with buoyancy 6B and riser joints with
istrumentation 6C. Riser joints with buoyancy 6B will be
described in more detail i FIG. 1C and riser joints with
instrumentation 6C shown 1n more detail in FIG. 1B. Drill
pipe 7 1s suspended from the derrick 2 and 1s deployed inside
the Riser 6 main tube. It should be noted that land rigs
employ similar equipment without the Riser 6 which extends
the wellbore to the Rig 1.

FIG. 2 1llustrates a well blowout ejecting hydrocarbons 9
and the drill pipe 7 at high speed well above the derrick 2
before gravity bends the drll pipe 7. The well blowout 1s an
unpredictable forceful dynamic event that can only be
arrested and controlled by real-time monitoring of critical
parameters that lead to a rapid calculated response.

DESCRIPTION OF A SIMPLE SUBSEA BOP
STACK

Turning now to FIG. 3, one embodiment of the present

invention 1s 1llustrated. The present mnvention Autonomous
BOP, or AutoBOP 4 (see also FI1G. 1), described hereinbelow
1s a machine designed to deliver successtul results under
every conceivable scenario and within a short window of
opportunity while operating 1n a dynamic environment and
interacting with other dynamic machines, such as a drill
pipe, a well, and various other equipment and combinations
thereol. In other words, AutoBOP 4 1s an “event-space-time
problem” solver (herein after referred to as “Problem™) that
ordinarily would require the intellectual abilities of humans
(event-space) 1if humans could react fast enough (time).

The AutoBOP operation environment 1s dynamic as 1s 1ts
interaction with the other dynamic machines. The operation
environment Problem and the interaction Problem(s) never
have a complete description and cannot be thoroughly
predicted while they evolve or at the design phase or prior
to deployment. Therefore, AutoBOP 4, through software of
computer or predictive-controller 20, monitors and stores a
suilicient number of parameters to represent the instanta-
neous real world Problems along with changes and trends 1n
suflicient detail to solve the Problems i1t encounters. It should
be understood that the solution(s) to the Problem(s) would
most likely be dynamic, reacting to the environment and
interaction changes that redefine the target. Only the target
1s well defined as the “delivery of successtul results™, or
stated diflerently, the sealing of the well to stop the uncon-
trolled flow of the formation hydrocarbons. Therefore, Auto-
BOP needs to function on 1ts own 1n its environment as a
stand-alone system.

Subsea AutoBOP 4 may comprise a number of annular
preventers 4C, rams 4A and 4B and accumulator systems
10A, 10B, and 10C. The BOP “Class” 1s the total number of
annular preventers (designated as “A”) and rams (designated
as “R”), such as, Class 6-A2-R4. API S53 specifies the
minimum subsea stack as a Class 5 comprising, at minimum,
one annular, two pipe rams and two shear rams. For clari-
fication, 1t should be noted that it 1s customary to describe
BOP 4 from the bottom upwards and will be described
accordingly herein. The FIG. 3 simple configuration of
AutoBOP 4 comprises pipe ram 4A at the bottom, blind
shear rams (herein after referred to as “BSR”) 4B and
annular preventer 4C at the top and it 1s suflicient for
detailing the present invention. It should be understood that
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AutoBOP 40 shown in a simplified illustration 1s not
intended to limit the scope of the present invention.

Accumulator systems 10A, 10B, 10C provide the hydrau-
lic power to operate BOP 4, more specifically annular
preventers 4C and shear ram 4B and pipe ram 4A. Accu-
mulator system 10C further comprises pressure intensifier
12C, accumulator 11, and wvalves 13C, 12C, and 15C.
Accumulator 11C 1s precharged at the surface, typically with
nitrogen, to 3,000 ps1 at 20° C. for example. Accumulator
11C 1s then charged by the subsea hydraulic supply with
suilicient volume of fluid to operate annular preventers 4C
and rams 4A and 4B. The “Drawdown Test” (API S53
6.5.6.2) verifies that accumulator 11C 1s able to provide
suilicient fluid volume and pressure to secure the well with
final accumulator pressure of, at least, 200 ps1 above pre-
charge pressure.

Valves 13C, 14C and 15C are controlled by computer 20
through peripheral-bus 21. Computer 20 may open or close
valves 13C, 14C and 15C, either fully or partially. Computer
20 additionally monitors pistons 5 and the accumulator
systems 10 via peripheral-bus 21. In other embodiments,
accumulator system 10C may comprise a plurality of accu-
mulator 11C, pressure intensifier 12C, valves 13C, 14C, 15C
and similar components. It should turther be understood that
accumulator systems 10 comprise similar components as
turther illustrated in FIG. 10.

A plurality of non-contact sensors 30 (See FIG. SA) 1n
groups 30A, 30B, 30C, and 30D are distributed along the
length of BOP 4 to monitor annulus 8 of BOP 4 as depicted
in FIG. 3 & FIG. 4. Each non-contact sensor 30A, 30B, 30C,
and 30D further comprises sensors S1 through SN disposed
around the circumierence (See FIG. 4 and FIG. SA) of
annulus 8 where N represents the total number of sensors
needed to completely surround annulus 8. In other words,
groups ol sensors 30A, 30B, 30C, and 30D (where each
group comprises sensors S1-SN) are provided wherein a
group of sensors may be provided at a plurality of different
heights with respect to the wellbore through the BOP as
shown 1n FIG. 3, FIG. 7, and FIG. 8. N may vary as desired
depending on the diameter of the BOP. Sensors 30 are
suflicient 1n number and type(s) to cover the monitoring
needs, preferably including but not limited to, the OCTG
parameters (wall thickness, impertections, hardness, dimen-
s10ms, wear, stress concentration, weight and similar 1tems),
especially including lateral location (oflset from BOP 4
vertical centerline or proximity to BOP ID wall), angle (as
illustrated 1 FIGS. 7 and 8), speed and direction of travel,
similar 1items and combinations thereolf. It should be under-
stood that not all sensors 30 may be deployed or utilized at
all times.

Sensor interface 27 processes the analog signals from
sensor 30 and converts said analog signals to a digital format
under the control of computer 20. Computer 20 further
provides controlled excitation 26 to sensors 30. AutoBOP
both stores and transmits through communication link 22 the
Problems and solutions for real-time 1nteraction with the nig
crew and further examination at a later time. It should be
noted that the stored data would advance the knowledge of
the designer and the operator. Furthermore, AutoBOP allows
for external BOP control through the power and communi-
cation subsea connector 23. Computer 20 takes into account
all other monitored parameters through data acquisition
system 24 and data acquisition sensors 25 to include with the
real-time data.

A dnll string 1s a dynamic machine that interacts with
AutoBOP 40 and comprises a number of drill pipe joints 7,
lengthwise suili

icient, to form a slender-column that 1s elas-
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tically unstable. One may push (placed under compression)
one drill pipe joint without the drill pipe joint deforming; a
behavior consistent with that of a short-column where the
matenal strength 1s 1n control. However, as the length of the
drill string increases, the end-conditions, i1ts modulus of
clasticity and slenderness become the controlling factors,
not its strength. Elastic instability will result 1n the defor-
mation of a 10,000' drill string when 1t 1s pushed upwards by
the formation hydrocarbons 9 as illustrated 1n FIGS. 7 & 8;
a behavior consistent with that of a long-column.

The direction of the loads the drill string endures and 1ts
behavior under loading define its interaction with BOP 4 and
therefore the BOP missions. Another objective of the present
invention 1s to teach how to automatically detect and rec-
ognize the dnll pipe 7 behavior inside BOP 4 annulus 8, said
behavior also been an indication of a well kick, and to
formulate a plan to bring the well under control early enough
while control 1s still possible.

An additional benefit of the present invention is that the
detection and recognition of drill pipe 7 behaviors inside
annulus 8 during operations may prevent damage to drill
pipe, BOP 4, the rubber goods and similar items during
drilling.

Each drill pipe, such as drill pipe 7 may include RFID
chip 38 as indicated 1n FIG. 3 that identifies each pipe and
preferably provides a history of each pipe in the drill string.
Subsea Computer 20 1s programmed to keep track of each
pipe and the material features of the pipe discussed herein.
However a surface computer could also be utilized either
alternately or concurrently or in coordination with the sub-
sea computer. The surface or subsea computer 1s pro-
grammed to use previous inspection data to determine an
amount of force to cut a particular pipe 1n the string of pipe
based on information stored in an riid for the particular pipe.
Accordingly, RFIDs are mounted or secured in or on the
pipes. The RFIDs can then be scanned by sensors such as S1,
S2, or the like to produce data such as inspection data or
other information that 1s stored in memory or the RFID tag.
In other words, sensors for the RFID may be mounted
around the BOP.

The information from the RFID and other detected infor-
mation 1s preferably stored in a database containing pipe
maternial features. The subsea BOP computer or surface
computer can do a pipe tally each trip of the pipe string. FIG.
3 schematically shows various internal components of BOPs
including pistons, piston rods as indicated at 46 and 48.
There are many variations of these piston, piston rods, shear
clements for rams that are well known. However, the present
invention provides sensors to monitor these elements to
allow a status and a health report. Likewise, internal shear
clements 42 and 44 of the shear rams are schematically
illustrated which may be of many different well known
types. Sensor arrays 50, 52, 54, and 56 may be mounted
internally or externally to monitor the speed and position of
the piston rods, pistons, and shear rams. These may be
referred to as shear ram sensors, position sensors, and the
like. These may comprise linear arrangements ol sensors
and/or encircle the appropriate portions of the rams. The
computer can use this information to control operation of the
cut. The computer can also use this information to produce
a status or health of the shear ram. The computer can
measure whether a cut was mitiated, completed, 1s waiting
to be cut, hammer operating 1s initiated and progress there
of.

The computer 20 can keep track of the downhole assem-
bly including heavy weight pipe, motors, drill bits, wireline,
tubulars, casing, well monitoring equipment, production
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tools or other components some of which are indicated at 36
in FIG. 3. I these 1tems pass through the BOP, then this will
be detected and action can be taken. For example the
wellbore could be closed ofl and additional warnings could
be made. Communication link 22 may also connect to a
surface warning system that includes warming devices 34
such as wearable smart devices, tactile alarms, visual alarms,
audible alarms, smart devices, tablets, phone systems,
watches, wearables, smart glasses or the like. These provide
a status monitor of operation of the subsea BOP, shear rams,
and the like. Communication link 22 may also connect to
onshore monitors 32 as shown in FIG. 3 that can monitor the
status of the BOP and connect to the computeror surface
computer. Accordingly, a status monitor detects parameters
that are utilized to determine a status or health of the BOP.
Prior art BOPs are designed to function in a static,
designer-specified environment, not 1n a real-world environ-
ment; the root-cause of the BOP failures. When the designer
defines the BOP environment, the designer defines an event-
space static convenient condition. For example, the BOPs
today are designed to shear drill pipe nominal body-wall that
1s static, under tension and near the center of the shear rams
without any feedback if any of the assumptions are valid (see
FIG. 6); a string of convenient static assumptions to deal
with a forceful dynamic event. Well-operations are per-
formed under the following controlled (as opposed to a
blowout) conditions:
the rig crew 1s 1n control;
the rig 1s functioning;
the rig provides the drill pipe controlling force;
the drill string 1s under tension;
t
t.

ne drill pipe 1s near the center of the BOP;
e r1g crew may position a drill pipe body-wall inside the
shear rams;
the dnll string 1s static (the rig crew can take a long time to
perform the task);
the well tlow 1s under the control of the ng crew;
the BOP sequencing, like the EDS sequence, may be pro-
grammed and carried-out after the rig crew has optimized
the “space-time” for the “event” to succeed;
nominal shearing force 1s required to complete the task in the
optimized environment; and
there 1s no life-threatening urgency to complete the task.
The Deepwater Horizon BOP functioned as-designed and
successiully completed an EDS 1n June of 2003 under the
above controlled conditions proving that the Deepwater
Horizon BOP was maintained properly all along. This,
however, 1s assumed erroneously to be adequate proof that
BOP 4 could also arrest and control a well blowout.
Transition from Operation to Blowout
The transition from operation to blowout 1s not sudden
(for a computer) and may be divided, at least, into two
stages: Alert and Alarm. For example, an Alert stage may be
triggered by one or more of computer 20 monitored param-
cters exceeding an Alert threshold, such as, changes 1n pump
speed, excess annulus flow resulting 1n increased pit volume,
lateral motion of the drill pipe (1llustrated in FIGS. 5A and
5B), vibration of the dnll pipe, insuilicient volume of
replacement fluid when tripping-out the drill pipe, sudden
increase in drilling rate, similar 1items and combinations
thereol. The first Alert action 1s to notily the rig crew,
through communication link 22, and veniy that the ng crew
1s still 1 control, the rig 1s still functional and there 1s no
power loss. A surface computer may display the prescribed
steps to deal with the Alert. It should be noted that there 1s
a degree of urgency to i1dentity the source of the Alert and
act upon.
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FIG. SA1s a top view of one embodiment of sensor 30 and
illustrates the position of dnll pipe 7 at times T1 and T2.
FIG. 5B illustrates the signals from sensor 30 processed by
computer 20 1n quadrants QD1 through QD4. It should be
understood that the signals of sensors S1 through SN, as
shown and discussed 1n reference to FIG. 4, may be pro-
cessed individually, 1n segments, as a single trace, or any
combination thereof.

FIG. 3B illustrates that up to time T1 drill pipe body-wall
7B 1s in the center of BOP 4 resulting 1n equal quadrant
signals (also see FIG. 6 A—an optimal position for shear-
ing). After time T1, drill pipe 7 starts moving toward QD2
and QD?3, resulting 1n higher signals and away from QD1
and QD4 resulting in lower signals. At time T2, drill pipe 7
1s resting on BOP 4 1D wall, a condition that may lead to
keyseat 40 as illustrated 1n FIG. 4 (also see FIG. 6D—the
worst position for shearing). The QD1 through QD4 signals
allows computer 20 to calculate the three-dimensional posi-
tion of drill pipe 7 along the length of BOP 4. The degree to
which dnll pipe 7 1s off-center inside BOP 4 would then be
a measure of the ability of shear rams 4B to shear drill pipe
7 and the corrective action required to seal-ofl the well, such
as a ram pressure increase through a pressure intensifier
(F1IG. 4 12C and FIG. 10 12B).

At time T3, dnll pipe 7 starts moving again toward
another location and returns to the center of BOP 4 at time
T4. This lateral motion of drill pipe 7 may trigger an Alert
if 1t 1s not corresponding to an activity on rig 1. At time T5
tool-joint 7A goes through the center of sensor 30 resulting
in a signal increase 1n all four quadrants. The signals may be
combined to a single trace for display to the ng crew as
shown 1 FIGS. 9A through 9F. It should be understood that
the processing of the sensor signals in quadrants or a single
trace does not limit the scope of the present invention.
Smaller arcs such as but not limited to eighths, sixteenths,
and the like may be utilized as well as additional numbers of
sensors around the circumierence.

An Alarm stage may be triggered by one or more of
monitored parameters exceeding an Alarm threshold while
the ng crew 1s still in control and the rig 1s still functional
(which can be verified through feedback). A surface com-
puter may display the prescribed steps to deal with the
Alarm. It should be noted that there may be a life-threaten-
ing urgency to identily the source of the Alarm and act upon
it rapidly as 1t may evolve into a blowout before the rig crew
has time to react. For example, i1 the rig 1s not tripping out
the drill pipe and the drill string starts traveling upwards as
illustrated 1n FI1G. 9F, computer 20 should start formulating
a Blowout-Arrestor sequence and request and monitor a
timely response from the rig crew (feedback) before acti-
vating the Blowout-Arrestor sequence. Computer 20 may
calculate the speed of the blowout evolution from the
monitored parameters and thus a rig crew timely response
interval which can be displayed on a surface computer
countdown including audible and wvisual alarms, tactile
alarms, and/or use of smart devices programmed to provide
an alarm.

The BOP as a Blowout-Arrestor

Referring back to FIG. 2, well hydrocarbons 9 push the
clastically unstable drill string 7 upwards. The well walls
limit the drill string deformation by controlling 1ts lateral
displacement and slope, illustrated 1n FIGS. 7 & 8, and
therefore, one would expect drll pipe 7 to rest against the
well, BOP 4 and Riser 6 walls regardless of the 1D/OD
differential pressure.

The controlled conditions of the well-operations are no
longer valid during a blowout. Instead, they are replaced by
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the random and erratic conditions imposed by an unpredict-
able forceful dynamic event, the well blowout. It should be
noted that the well blowout parameters may change rapidly
and an accurate rapid response 1s crucial to control the
situation. Drill pipe 7 behaviors imnside BOP 4 may progress
from FIG. 7 to FIG. 8 to FIG. 2 1n a very short time frame.
Depending on the pressure and volume, the rig crew may not
become aware of the blowout in time to address the prob-
lems. FIGS. 6A through 6C show that the shear rams are
designed to shear drill pipe 7 near the center of BOP 4 under
the static Operation-Aid assumptions. FIGS. 6D through 6F
show that the prior art shear rams were not designed to shear
drill pipe 7 1llustrated 1n FIGS. 3, 7 and 8 and 1n fact, they
did not. It 1s reasonable to conclude that this design over-
sight 1s one of the root-cause of the Macondo and other
similar disasters.

It should also be noted that not all well blowouts behave
identically. The unpredictability of a well blowout makes 1t
impossible to program a fixed automatic sequence of BOP 4
to arrest and restrain the blowout. In fact, a fixed automatic
sequencing, like the EDS sequence, may worsen the prob-
lem. However, prior art BOP’s still rely on the fixed EDS
sequence to arrest and restrain a blowout (see Macondo
reports )—another root-cause of the Macondo and other
disaster.

Generally, one or more of the following situation 1s true
during a blowout:

the rig crew may not be 1n control and may be incapaci-
tated which the AutoBOP can ascertain;

the rig may no longer be functional which the AutoBOP
can ascertain;

the upward flow of hydrocarbons provides the drill pipe
controlling force, not the rig, which the AutoBOP can
ascertain;

the drll string may be deformed and under compression
which the AutoBOP monitors:

the drill pipe may be resting on the BOP wall that limaits
the degree of its deformation which the AutoBOP monitors;

it 1s unknown what 1s inside the BOP shear rams and 1t
varies with time. The AutoBOP knows continuously what-is,
how-1s and where-1s including its critical parameters;

the dnll string 1s traveling as 1t 1s ejected by the blowout
fluids and gases which the AutoBOP monitors and calculates
a velocity and acceleration;

the well 1s flowing under the control of the formation
which the AutoBOP monitors:

the Blowout-Arrestor sequence can only be formulated by
monitoring the blowout evolution;

shearing force above nominal i1s required to complete the
task; and

there 1s a life-threatening urgency to seal the well in the
shortest possible time.

Although the Deepwater Horizon BOP was maintained
properly all along, it failed to control the Macondo well
blowout 1 April 2010 because it was designed as an
Operations-Aid not a Blowout-Arrestor and therefore, 1t was
not fit-for-purpose and not seaworthy.

Shearing-Force

BOP manufacturers use distortion energy theory to esti-
mate a shearing-force. Some use the yield strength of the
drill pipe and others use the ultimate strength in their
calculations; the later providing higher shearing-force esti-
mates. However, neither provides a high enough estimate to
cover the worst case scenario as detailed below—yet another
root-cause of the Macondo and other disasters.

For the following analysis it 1s assumed that an Opera-
tions-Aid requires a nominal shearing-force (100%) to shear
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a high-ductility drill pipe body-wall 7B (See FIG. 4) 1n the
shear rams when the drill pipe 7 1s near the center of BOP
4 and 1t 1s under tension. Tension aids the shearing by acting
on the stress-concentrator the shear rams created to tear the
drill pipe 7 apart. In addition, new OCTG wall thickness
may vary up to +8%. Therelfore, the nominal shearing-force
must handle, at minimum, drll pipe with wall thickness of
108% of the specified value. If the nominal shearing-force
calculations were based on low-ductility drill pipe, then the
following estimates should be increased by up to 180% for
high-ductility drll pipe. The required shearing-force may:

increase 11 there 1s other material, such as a cable, inside
the drill pipe which the AutoBOP will detect;

increase to 130% with higher dnll pipe internal pressure
which the Auto BOP monitors;

increase due to the BOP temperature gradient (seawater—
well fluids) which the AutoBOP monitors;

increase to 120% 1t the drill pipe body-wall 1s ofl-center,
but still 1n the shearing surface which the AutoBOP moni-
tors;

increase to 140% if the drill pipe body-wall 1s under
compression which the AutoBOP can estimate (the absence
of the beneficial tension);

increase to 150% 1t the dnll pipe body-wall 1s buckled
which the AutoBOP monitors:

increase to 130% i1 the well 1s flowing which the Auto-
BOP monitors:

increase 1i there 1s pressure trapped below the closed
annular which the AutoBOP monitors.

It should be understood that the above estimates are
cumulative and, again, apply only when the nominal body-
wall 7B of the dnll pipe 7 1s 1n the shear rams. Therelore,
under the conditions detailed above, the Blowout-Arrestor
may require 400% the nominal shearing-force of an Opera-
tions-Aid for the same drll pipe. It should also be under-
stood that the early intervention of the present invention
would reduce the maximum shearing force required. Fur-
thermore, per API S33 (7.6.11.7.5), the maximum shearing
pressure should be less than 90% of the maximum operating
pressure of the shear ram actuator 5. Therefore, the present
invention would incorporate shear rams and actuators 5 to
match the cumulative maximum calculated shearing force,
not just an estimated nominal. Existing BOPs will be modi-
fied accordingly.

Faulty BOP Activation Makes the Blowout Worse

There are multiple videos and pictures where a well
blowout 1s ¢jecting the drill string at high speed above the
derrick before gravity bends it into a loop as 1llustrated 1n
FIG. 2. It would then be reasonable to conclude that a drill
pipe tool-joint 7A would most likely be the first one to
collide with a restriction, such as an activated BOP 4 ram.
The collision may damage the rubber goods and a tool-joint
7A may jam inside the restriction. The drill pipe body-wall
7B below would then be further deformed by the collision
impact and 1t may bend, buckle, twist and break so that more
than one drill pipe pieces may end up stuck inside BOP 4 as
the Macondo 1nvestigation has extensively documented.

The time 1nterval from the beginning of the kick until the
rig crew recognizes the kick and activates BOP 4 defines the
severity of the collision and its repercussion. It 1s therefore
desirable to recognize a kick early on and to react rapidly.
The dnll pipe upward motion without corresponding rig
activity, a sudden off centering (1llustrated in FIGS. 4, 5, 7
& 8), a helical deformation (corkscrew—illustrated 1n FIG.
8), a vibration or a change in the vibration frequencies, other
axial, lateral and angular motions and any combination
thereol may be an early warning of a kick along with




US 11,499,388 B2

17

increased flow and pit volume. In one embodiment, the
warning system may comprise use ol a natural speech or
language machine to explain the problem. Prior art EDS
sequencing of BOP 4 worsens the blowout problem by
typically activating the annular preventer 4C and thus trap-
ping the collision results 1nside BOP 4. It would be much
better to activate the lower BOP first.

Detailed Description of the AutoBOP Predictive-Controller

FIG. 3 illustrates a simplified subsea BOP 4 with a
number of non-contact sensors 30 that may be placed along
the length of BOP 4 stack, illustrated as 30A through 30D,
to monitor the OCTG and other material mmside BOP 4
annulus 8. It should be understood that the present invention
does not require all sensors 30 illustrated mm FIG. 3. For
example, rams 4A and 4B may be combined in a single
casting eliminating sensor 30B. It should also be understood
that sensor 30 may comprise at least a primary and a
secondary sensor array for reliability along with the corre-
sponding signal processing and communication means.
While the present invention 1s not directed to any particular
sensor such as noncontact sensors mounted externally to the
BOP, one possible embodiment may utilize magnetic sen-
sors and may also utilize magnetization of pipe devices at
the surface to increase the sensitivity of the magnetic
sensors. The invention 1s not limited to these magnetic
sensors and preferably may include sensors mounted exter-
nally or other types of non-contact sensors.

As discussed previously herein, Sensor intertace 27 pro-
cesses Sensor 30 analog signals and converts said analog
signals to a digital format under the control of computer 20.
Computer 20 further provides controlled excitation 26.
Assuming that sensor 30 comprises of N individual sensors,
computer 20 may process said digital signals into N traces
around BOP 4 circumierence or may combine the signals
into eight or four traces as 1illustrated 1n FIGS. 5A & 5B or
may combine the signals into a single trace as 1llustrated in
FIGS. 9A through 9F, all of the above or any other combi-
nation thereof. Additional traces might also be produced. It
should be understood that computer 20 will also process the
sensor signals mm BOP 4 axial direction by utilizing Na
through Nd digital signals from sensors 30A through 30D in
any combination. It should also be understood that computer
predictive-software 28 may utilize more than one signal
processing path, said signal processing may change with the
evolution of the blowout.

Referring to FIG. 7, the sensor signals from sensor 30D
would resemble the signals of FIG. 5B as the dnll pipe 7 1s
illustrated closer to quadrants 2 and 3. Sensor 30A signals
would be the opposite as the drill pipe 7 1s 1llustrated closer
to quadrants 1 and 4. Sensors 30B and 30C signals inter-
mediate values would indicate that the drill pipe 7 1s straight
and at an angle.

Referring to FIG. 8, signals produced by sensors 30A,
30B, 30C, and 30D would indicate that drill pipe 7 1s
helically deformed as 1t 1s closer to difierent quadrants along,
the length of the annulus. It should be noted that 11 drill pipe
7 lays sideways 1nside the bore of BOP 4, sensor 30 will also
detect the resulting increase 1n wall thickness and diameter,
the effective wall thickness and diameter the shear rams will
encounter.

It should be understood that calculations may be per-
formed using diflerent sensor combinations along sensor 30
plane (x-y) and among different sensors (z). Furthermore, 1t
should be understood that each sensor 30 may comprise
similar or different types of individual sensors that may be
mounted on an x-y plane perpendicular to BOP 4 vertical
axis or be stacked 1n the z axis or any combination thereof.
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Different types of sensors may require diflerent excitation 26
and therefore, each sensor 30 may further comprise one or
more excitation inducers or the excitation mducers may be
mounted separately or any combination thereof.

Computer 20 may transmit the results to the surface and
receive data and commands from the surface or a remote
operator through communication link 22. Power and com-
munication subsea connector 23 allows an ROV to restore
BOP power, both electrical and hydraulic and operate com-
puter 20 and the peripherals through peripheral-bus 21.

Computer 20 also processes and assimilates information
from a number of Data Acquisition sensors 25 through the
data acquisition system 24. Data Acquisition Sensors 25 are
disposed around Rig 1 and BOP 4 and may measure capaci-
tance, contactivity, current, deflection, density, external
pressure, flmd volume, flow rate, frequency, impedance,
inductance, internal pressure, length, rate, accumulator pres-
sure, pressure, resistance, sound, temperature, vibration,
voltage, similar items and combinations thereof.

BOP Monitoring

FIG. 9A 1llustrates an example of a sensor trace processed
by computer 20 and transmitted to a surface computer on
Rig 1 through communication port 22 by AutoBOP 40. The
trace 1s showing drill pipe 7 being tripped out of the well
during a well operation under the control of the rig crew. The
trace shows a drill pipe tool-joint 7A at 82 and dnll pipe
body-wall 7B thickness 84. Shear rams 4B are not designed
to shear through tool-joint 7A as discussed in FIGS. 4 and
9D, so computer 20 1ndicates to the rig crew 1n real time
whether shear 1s possible or not. With drill pipe body-wall
7B 1n shear rams, shear 1s possible and 1s indicated so in a
green background at 96. It should also be understood that
computer 20 takes into account all other monitored param-
cters through data acquisition system 24 and Data Acquisi-
tion sensors 23 prior to making the determination that shear
1s possible.

FIG. 9B illustrates a sensor trace detecting drill pipe 7
with increased body-wall thickness 7b, still within the
capabilities of the shear rams 4B at 86, meaning shear 1s
possible and 1s indicated at 96.

FIG. 9C illustrates a sensor trace detecting drill pipe 7
with wall thickness at the maximum limit of shear rams 4B
at 88. If shear 1s required and since drll pipe 7 1s still under
the control of the rig crew, the rig crew may position the drill
pipe body-wall 7B across the shear rams 45 by raising or
lowering the drll pipe 7 to perhaps find a lower body wall
thickness and to stretch the pipe. Computer 20 displays that
shear may be possible at 96.

FIG. 9D illustrates a tool-joint across shear rams 45 at 90
as illustrated in FIG. 4. Tool joint 7A cannot be sheared as
indicated at 102.

FIG. 9E 1illustrates metallic objects traveling through
sensor 30 at 92. The direction of travel can be established by
examining the signals of sensors 30A through 30D. If the
metallic objects traveled through sensor 30D first and then
through sensor 30C, they are falling 1nto the well; an event
the rig crew should be aware off. Metallic objects traveling
upwards may be an indication of a serious downhole
anomaly that should trigger, at mimimum, an Alert and
notifies user that the pipe cannot be sheared as indicated at
102. In one embodiment, the warning may comprise use of
a natural speech machine to explain the problem.

FIG. 9F illustrates a number of tool-joints 7A travelling at
high speed through sensor 30 at 94. Again, 1f tool-joints 7A
traveled through sensor 30D first and then through sensor
30C, a reasonable conclusion would be that the drill string
broke and 1t 1s falling into the well, a condition that may
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result 1n loss of well control. However, 1if computer 20
determined that tool-joints 7A are being ejected out of the
well as 1llustrated 1 FIG. 2, then computer 20 should enter
into the blowout-arrestor mode as shown at 104.

It should be understood that although FIGS. 9A through
OF 1llustrate the body-wall 7B and tool-joints 7A, computer
20 also performs additional calculations that include, but are
not limited to, drill-pipe hardness, geometry and three-
dimensional location along the length of BOP 4, including
any additional material, along with all other monitored
parameters through data acquisition system 24 and Data
Acquisition sensors 235. It should also be understood that the
surface computer may also display the quadrant traces
illustrated 1n FIG. SB or any other combination thereof
including, but not limited, to parameters monitored by data
acquisition system 24 through Data Acquisition sensors 25.
BOP Control

Again, BOP 4 1s a complex machine that can be operated
in multiple ways to achueve a goal while enduring a com-
pendium of (variable) forces and interactions that, most
likely, are redefining the goal. However, most olten com-
plexity 1s of low utility. For example, a human does not
study all the details of a train before recognizing that it 1s a
train or that the train 1s moving or not. Instead, humans
reduce the myriad of complex train patterns to a simple
unique pattern that 1s a property of trains, as opposed to
trucks or airplanes.

AutoBOP 4 uses the same approach to define the predic-
tive-software whereby, the complex BOP 4 operational
states are reduced to a sequence(s) of simple patterns that
may be interconnected through an equation or a system of
equations (numerical, logic, fuzzy), tables (numerical, logic
or fuzzy), other relational operators, similar items and
combinations thereot, thus preserving and accounting for the
dynamic properties and interactions. It should be noted that
AutoBOP 4 operates 1n a limited space, within limited time
(when needed) and has limited resources to solve the Prob-
lem.

FIG. 10A illustrates a simplified one-side top-view of
BOP 4 shear ram 4SH and FIG. 10B 1llustrates a simplified
one-side side-view of BOP 4 shear ram 45H.

For example, during normal operations, computer 20 may
scan each drill pipe joint 7 and store in database critical
information in a drill string lengthwise format comprising of
wall thickness, imperfections, hardness, dimensions, wear,
stress concentration, weight, similar items and combination
thereol. Computer 20 may then use the stored critical
information to calculate a required nominal shearing force
FH along the length of the drill string and may notily the ng
crew when 1t detects drill pipe 7 that exceeds the shearing
specifications. It should be understood that computer 20
updates the lengthwise drill string critical information in
subsequent scans so that the database comprises of the latest
data.

Computer predictive-software 28 therefore knows in
some detail the nominal shearing force required for each
dr1ll pipe joint 7 and may translate 1t to a horizontal force FH
acting on shear ram 4SH through piston 5B and thus, the
mimmum pressure to drive piston SB. Computer 20 also
knows each drill pipe joint 7 below the shear rams and the
location of each drill pipe joint 7 1n the string; knows the
flow rate through communication link 22 and may calculate
a Force FV; knows the temperature through the data acqui-
sition system 24 and Data Acquisition sensor 25; knows the
dri1ll pipe 7 internal pressure from a surface pressure monitor
through communication link 22 and knows the location and
angle of the dnll pipe 7 through sensors 30 and thus
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computer 20 may rapidly calculate a corrected shearing
force and a minimum pressure to drive piston 5B.

FIG. 10A illustrates that shear ram 4SH 1s operated by
piston 5B which may be driven directly from accumulator
11B or through a pressure intensifier 12B. Again, 1t should
be understood that accumulator system 10B may comprise
more than one accumulator 11B, pressure intensifier 12B,
computer 20 controlled valves 13B, 14B, 15B and similar
components. However, this 1s a limited resource requiring
that computer 20 maximizes 1ts eflectiveness. Furthermore,
computer 20 measures the accumulator 11B pressure and
temperature through data acquisition system 24 and Data
Acquisition sensors 25 and the pressure drop when ram 4SH
1s activated. Further in one embodiment, the computer
measures the process of the shear of the pipe, the speed, the
acceleration, whether the shear 1s complete, whether the
acceleration and speed 1s decreasing to the extent to predict
the cut will not be made and so forth.

When a blowout 1s detected, predictive software 28 of
computer 20 may rapidly decide how to drive piston 5B.
When the dnll pipe jomnt 7 enters the shear rams SH,
computer 20 only needs to detect a significant deviation
from the stored drill pipe joint 7 parameters, 1ts location and
any deformation to correct the required shearing force. Since
the AutoBOP acts early on, it 1s not expected that any drill
pipe joint 7 will be significantly deformed and thus requiring
a lower shearing force. Computer 20 would then select how
to drive piston SB.

For each selection, there 1s an associated equation or table
or graph that defines the pressure (time) function that drives
piston 5B. Dnll pipe 7 known dimensions may be translated
to piston 5B length travel and therefore, the horizontal Force
FH acting upon the dnll pipe 7 wall. If computer 20
determines that the accumulator 11B pressure i1s not
adequate to shear the drll pipe 7, computer 20 may switch
the shear rams 4SH piston 5B to pressure intensifier 12B.
Computer 20 will close valve 14B and open valves 13B and
15B. Computer 20 may do so in advance 1n anticipation of
the next drill pipe joint 7.

The time interval between tool joints 7A of FIG. 9F
allows for the calculation of the speed of dnll pipe 7 and a
calculation of when the blowout will reach the surface as the
water depth of BOP 4 1s known. FIG. 9F also illustrates the
difficulty of a human operator to react timely and correctly.
Computer 20 database comprises, at minimum per API S33,
of the “Actuation ftimes shall be recorded m a
database . . . ” and may measure accumulators 11 pressure
and temperature through data acquisition system 24 and data
acquisition sensors 25. Therefore, computer 20 may calcu-
late an optimal ram activation time and sequence to maxi-
mize the probability of controlling the well. It should be
noted that the location of drill pipe 7 would also be an
indication of the location of the closed rams from BOP 4.

Again, an EDS/Deadman sequence will activate annular
preventer 4C first resulting 1n a collision with a tool-joint 7A
and trapping the results of the collision 1nside BOP 4 below
annular preventer 4C. Instead, for example, properly timed
rapid sequencing of pipe ram 4A followed by annular
preventer 4C and then by shear ram 4B would place drill
pipe wall 7B inside shear rams 4B and the results of
tool-joint 7A collision with pipe ram 4A below BOP 4. In
addition, the momentum of the traveling drill string above
pipe ram 4A may temporarily place the drnll pipe inside
shear ram 4B under tension. It should also be understood
that AutoBOP 40 reaction would take place at the initial
stages of a blowout where forces and momentum 1s still low
enough to control. It should be noted that an estimation of
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the drill string momentum may be easily calculated from the
string weight by adding the weight of each drill pipe joint 7
and the speed of the dnll string.

When Things Still go Wrong

The above calculations however 1gnore the absence of the
beneficial tension that makes certain BOP actions inefiective
[see API 853 (7.6.11.7.11)]. The Blowout-Arrestor of the
present mnvention increases the shearing-force and adds a
tearing-force to drill pipe 7. During a blowout, shear ram 4B
may be driven by pressure intensifier(s) 12B and pipe ram
4 A may be driven to a lateral oscillation to aid the tearing of
the drill pipe inside shear ram 4B through cumulative
fatigue. Even a small-magnitude oscillation would focus on
the stress-concentrator that was created by shear ram 4B.
Pipe ram 4A surface may utilize a pipe gripper to prevent
slippage and may incorporate an actuator with extended
reach. The lateral oscillation will also require higher actuator
pressure and volume. It should be understood that the lateral
oscillation of pipe ram 4A may undermine the shearing force
of shear ram 4B and therefore, the AutoBOP would apply
corrective pressure or a locking mechanism to shear ram 4B.

Notice that shearing 1s not possible 11 a tool-joint or heavy
wall OCTG 1s 1n the shear rams although the need to seal-off
the well 1s still the same. This may be overcome by: the use
of two shear rams, also specified in API S53 (7.1.3.1.6). In
the present invention, two shear rams would be spaced
turther apart than the [(longest tool-joint length)+(upset area
length)] to assure that there 1s no tool joint 1n at least one of
the shear rams. The AutoBOP would then activate only the
shear ram to cut the body wall. In the event that nonshear-
able equipment 1s 1nside the shear rams, the AutoBOP adds
a hammer operation to the operation of shear ram 4B. The
hammer operation may be carried out through control of the
hydraulic supply or through a motor or a combination
thereot. It should be understood that the hammer operation
will also require an actuator with higher operational pres-
sure.

The corrective steps 1 through 4 may be implemented
through computer 20 or through external control (such as an
ROV) and may be carried out using the existing electrical
and hydraulic connections of rig 1, BOP 4 batteries and
accumulators, subsea connectors, similar items and combi-
nations thereof.

In other embodiments, a system to arrest and control an
clastically unstable slender column of matenal 1s provided
that may comprise components such as but not limited to at
least one computer with a sensor interface, at least one
sensor to monitor parameters of the material nside the
system,

at least one ram with an accumulator, and/or a program
being executed on the at least one computer to activate the
at least one ram to control the column of material, the
activation been partially controlled by the monitored param-
eters.

The parameters may comprise of wall thickness, imper-
fections, hardness, dimensions, wear, rate of wear, stress
concentration, weight, lateral location, angle, similar items
and a combination thereof.

The at least one computer may further comprise of a data
acquisition system to monitor operation parameters of the
system.

The operation parameters may comprise of one or more of
capacitance, contactivity, current, deflection, density, exter-
nal pressure, fluid volume, flow rate, frequency, impedance,
inductance, internal pressure, length, accumulator pressure,
resistance, sound, temperature, vibration, voltage, similar
items and combinations thereof.
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The activation may be partially controlled responsively to
the monitored operation parameters.

Another embodiment may comprise a system to arrest and
control an elastically unstable slender column of OCTG. The
system may comprise of but 1s not limited to at least one
computer, a data acquisition system to monitor operational
parameters of the system, at least one ram with a accumu-
lator, and/or
a program being executed on the at least one computer to
activate the at least one ram to control the column of OCTG.
The activation may be partially controlled in response to the
monitored operational parameters.

The operation parameters may comprise of one or more of
capacitance, contactivity, current, deflection, density, exter-
nal pressure, fluid volume, flow rate, frequency, impedance,
inductance, internal pressure, length, accumulator pressure,
resistance, sound, temperature, vibration, voltage, similar
items and combinations thereof.

The at least one computer of may further comprise of a
sensor 1nterface to monitor parameters of the material inside
the system.

The material parameters may comprise of wall thickness,
imperfections, hardness, dimensions, wear, rate of wear,
stress concentration, weight, lateral location, angle, similar
items and/or a combination thereof.

The activation may be partially controlled responsively to
the monitored material parameters.

In another embodiment, a constant-vigilance well-moni-
toring system may comprise of but 1s not limited to at least
one computer, at least one sensor operable by the at least one
computer to monitor at least one operational parameter of
the well and a program being executed on the at least one
computer to process the at least one operational parameter to
determine a status of the well.

The operation parameters may comprise of one or more of
acceleration, angle, capacitance, contactivity, current,
deflection, deformation, density, dimension, field, flow rate,
fluid volume, frequency, GPS, hardness, impedance, imper-
fection, inductance, intensity, length, light, location, motion,
pressure, resistance, sound, speed, temperature, vibration,
voltage, wall thickness, imperfections, weight, similar items
and combinations thereof.

The at least one computer may further control excitation
for the at least one sensor, which may or may not also
comprise pipe magnetization.

The well-momitoring system may further comprise of at
least one valve under the control of the at least one computer.
The at least one valve may be capable of reducing the
cross-sectional-area of the annulus of the well. The at least
one valve may be capable of diverting the flow of the well.

The system whereby the activation may be partially
controlled responsively to the monitored material param-
eters.

In yet another embodiment, a system to monitor hydro-
carbon well conditions may comprise various status features
comprising the rig crew 1s in control; the rnig 1s functioning;
the rig provides the drill pipe controlling force; the dnll
string 1s straight and under tension; the drll pipe 1s near the
center of the BOP; the rig crew may position a drill pipe
body-wall 1nside the shear rams; the drill string 1s static; the

well 1s not flowing or the flow 1s under the control of the rig
crew; the BOP sequencing, like the EDS sequence, may be
programmed and carried-out automatically; and there 1s no
life-threatening urgency to complete the task.



US 11,499,388 B2

23

The parameters may comprise of wall thickness, imper-
fections, hardness, dimensions, wear, rate of wear, stress
concentration, weight, lateral location, angle, similar 1tems
and a combination thereof.

In general, 1t will be understood that such terms as “up,”
“down,” “vertical,” “upper”, “lower”, “above”, “below”,
and the like, are made with reference to the drawings and/or
the earth and that the devices may not be arranged in such
positions at all times depending on variations 1n operation,
transportation, mounting, and the like. As well, the drawings
are intended to describe the concepts of the invention so that
the presently preferred embodiments of the invention will be
plainly disclosed to one of skill 1n the art but are not intended
to be manufacturing level drawings or renditions of final
products and may include simplified conceptual views as
desired for easier and quicker understanding or explanation
of the mvention. One of skill 1n the art upon reviewing this
specification will understand that the relative size and shape
of the components may be greatly diflerent from that shown
and the mvention can still operate 1n accord with the novel
principals taught herein. While inner and outer seals are
created as shown above, only an inner or outer seal might be
created 1n accord with the present invention.

Accordingly, because many varying and different embodi-
ments may be made within the scope of the inventive
concept(s) herein taught, and because many modifications
may be made in the embodiment herein detailed 1n accor-
dance with the descriptive requirements of the law, 1t 1s to be
understood that the details herein are to be interpreted as
illustrative of a presently preferred embodiment and not 1n
a limiting sense.

Related applications U.S. Provisional Patent Application
Ser. No. 62/151,627 filed Apr. 23, 2015, and U.S. application

Ser. No. 15/134,745 filed Apr. 21, 2016 are incorporated by
reference.

The 1nvention claimed 1s:

1. A monitoring system for a subsea BOP, said subsea
BOP defining a bore through said subsea BOP, said subsea
BOP comprising a ram, said monitoring system comprising:

a computer;

programming on said computer to control an activation

timing of said subsea BOP; and

a sensor mounted to said subsea BOP wherein said

programming on said computer 1s operable to utilize
signals from said sensor to make a calculation of
whether said ram 1s able to cut an object 1n said subsea
BOP.

2. The monitoring system of claim 1, further comprising
a vertical axis through said subsea BOP, said sensor com-
prising plurality of sensors spaced along said vertical axis.

3. The monitoring system of claim 1, wherein said object
comprises a pipe connector and a pipe body, and wherein
said programming on said computer calculates whether said
ram 1s able to cut said pipe body but 1s not able to cut said
pipe connector, said programming also utilizing said sensor
to determine when said pipe body 1s 1n a position to be cut
by said ram.

4. The monitoring system of claim 1, further comprising;:

a sensor subsea interface;

a communications link; and

wherein said programming on said computer 1s operable

to monitor a plurality of matenial parameters of said
object 1nside said subsea BOP.

5. The monitoring system of claim 4, wherein said object
1s a pipe and said plurality of material parameters comprises
a wall thickness of said pipe.
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6. The monitoring system of claim 1 wherein said pro-
gramming 15 operable to classily said object 1n said bore as
a motors, drill bits, motors, drll bits, bottom hole assembly
components, heavy weight pipe, wireline, monitoring equip-
ment, tools, tools, production tools or other components.

7. The monitoring system of claim 6, wherein said com-
puter comprises a subsea computer, at least one accumulator
further comprising at least one valve controlled by said
subsea computer.

8. The monitoring system of claim 1, wherein said pro-
gramming allows closing of said ram only when said ram 1s
capable of cutting said object.

9. The monitoring system of claim 8, wherein said .pro-
gramming allows closing of said ram when said object 1s 1n
a position that cutting of said object 1s possible with said
ram.

10. The monitoring system of claim 9, wherein said object
comprises a pipe body and a connector, said programming
determines that said pipe body rather than said connector 1s
in a position that cutting said pipe body is possible with said
ram.

11. The monitoring system of claim 1, further comprising
said sensor comprising a plurality of sensors being posi-
tioned outside of said bore through said subsea BOP.

12. The monitoring system of claim 1, further comprising,
said sensor comprising a plurality of groups of sensors
where each group of said plurality of groups of sensors 1s
axially spaced at diflerent axial positions with respect to said
bore of said subsea BOP.

13. The monitoring system of claim 1, said programming
on said computer being operable to determine a speed and
direction of an object moving through said subsea BOP.

14. The monitoring system of claim 1, wherein said object
moving through said subsea BOP comprise tool joints mov-
ing through said subsea BOP.

15. The monitoring system of claim 1, wherein said object
moving through said subsea BOP comprise at least one of a
string of pipe, a downhole tool, tool joint, drill bit, heavy-
weight drill pipe, pipe body section. motor, bottom hole
assembly components, motors, drill bits, wireline, monitor-
ing equipment, tools, or other cornponents.

16. The monitoring system of claim 1, wherein said
computer 1s a subsea computer, and wherein said object 1s a
string of pipe, and wherein said programming 1s operable to
control a timing to mmitiate cutting said string of pipe
independently from surface signals after blowout conditions
are detected.

17. The momtoring system of claim 16, wherein said
programming 1s operable to control said timing for at least
two BOP rams and to control which of said at least two BOP
rams to operate first.

18. The monitoring system of claim 1, wherein said
programming 1s operable to utilize signals from said sensor
to provide an alert to a surface position that well control has
been at least potentially compromised.

19. The monitoring system of claim 1, wherein said sensor
comprises one or more sensors that provide a signal to detect
one or more of wall thickness, pipe impertections, hardness,
dimensions, wear, stress concentration, weight, lateral loca-
tion of pipe that 1s offset from a vertical centerline of said
BOP or a or proximity to a BOP internal wall, an angle of
a pipe within said BOP with respect to said vertical center-
line of said BOP, RFID information, speed and position of
a piston rod, a speed and position of a piston, or speed and
position of a said ram, an electromagnetic field, capacitance,
contactivity, current, detlection, density, external pressure,
fluid volume, flow rate, frequency, impedance, inductance,
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internal pressure, length, rate, accumulator pressure, pres-
sure, resistance, sound, temperature, vibration, voltage, drill
pipe 1ternal pressure, a temperature gradient between sea-
water and well fluids, compression or tension of a body wall
of a string of pipe mnside said BOP, flow of fluid through the 5

string of pipe, a change 1n the shear force to cut said string
of pipe or a combination of the above.
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